Multiple introns have been found in a gene from a ciliated protozoan. This Tetrahymena thermophila gene (cnjB) is large (7.5 kb mRNA) and active only during conjugation, the organism's sexual cycle. Six introns ranging in size from 62 bp to 676 bp were found when we sequenced a 3.1 kb segment of the cnjB gene together with its corresponding cDNA. We estimate, by extrapolation of our current data, a total of approximately 30 introns in this gene with a total gene size (introns plus exons) of 15 kb or more. The number of introns is surprising given the scarcity of introns in ciliate genes examined to date. Our findings constitute the first example of multiple introns in a ciliate gene. Having the sequence of several introns has allowed us to construct consensus sequences for T;_ thermophila mRNA introns. The 5' and 3' intron junctions resemble those of general nuclear mRNA (GT/AG rule is followed) but differences are seen. In particular, stretches of 10 or more adenines and thymines are found adjacent to the conserved GT and AGs at the junctions. Unusual aspects of the coding region of this gene are discussed.
INTRODUCTION
The ciliated protozoa appear to have emerged as a group soon after the appearance of the eukaryotic progenitor approximately two billion years ago. Evidence for this comes from an examination of several conservative chronometric molecules (both protein and RNA) (see 1, 2) . For example, cytochrome C of Tetrahymena was found to more more 'prokaryotic' than the cytochrome of any other eukaryote studied (3) and the ciliate forms of 'eukaryotic proteins' such as histones, actins and calmodulin have been found to be unexpectedly divergent (see 1, 4) . Further evidence of ciliate divergence comes from the fact that the genetic code of ciliates has changed from the 'universal' code found in all eubacteria and eukaryotes (4) (5) (6) (7) . It appears that early in the evolution of the ciliates, a G to A transition occurred in the anticodon of a duplicated glutamine tRNA gene allowing the suppression of the stop codons UAA and UAG (8) . This led to the use of UAA and UAG as codons for glutamine and left UGA as the only stop codon.
An examination of the gene structure of this ancient group of organisms might give some insight into the evolution of the eukaryotic genome. One of the characteristic features of the eukaryotic genome is the presence of intervening sequences or introns within the coding regions of genes. The first report of introns in a nuclear tnRNA from ciliates was for the conjugation specific gene cnjB of Tetrahymena thermophila (9, 10) . Evidence for multiple introns in this gene was initially obtained through a comparison between the restriction maps of a cDNA clone and the corresponding genomic DNA. Recently, the T\_ thermophila genes for histone HI (11) and ribosomal protein S25 (12) were each found to contain a single intron. In this report, we present the sequence of six introns from cnjB and a portion of the coding region of this gene. The sequence of these six introns and the. introns in the histone HI gene and ribosomal protein S25 gene will be compared and a consensus sequence will be constructed for intron junctions in T^ thermophila genes. Unusual aspects of the coding region of cnjB will be discussed.
MATERIALS AND METHODS

Cloning procedures
The construction of the cDNA clone pC2-l has been described (13) as has the isolation of several recombinant lambda clones (1C2-1, 1C2-2 etc) containing T^ thermophila genomic DNA with cnjB gene sequences (10) . Standard methods were used for agarose gel electrophoresis, lambda DNA isolation, subcloning and restriction enzyme digests (14) . Restriction fragments were isolated by electrophoresis from agarose gels onto NA-45 DEAE membranes (Schleicher and Schuell) from which the DNA was recovered as described by the manufacturer. These fragments were often further purified using NACS columns (Bethesda Research Laboratories). Plasmids pure enough for subsequent manipulations were isolated by an alkaline lysis procedure (15) . For quick mini-preps of plasmids we used the LiCl-boiling method (16) .
DNA Sequencing
DNA fragments to be sequenced were subcloned into the multiple cloning site of the plasmid vector plBI31 from International Biotechnologies, Inc.
(IBI). This vector is a pUC19 derivative containing an fl origin of replication and T3 and T7 RNA polymerase promoters. The bacterial strain 71-18 was used as a host. Series of deletions of the inserted DNAs were created using exonuclease III (Boehringer-Mannheim) digestion as described by Henikoff (17) . Single-stranded templates for sequencing were prepared using helper phage (M13K07) as described by the supplying company (IBI). These templates were then sequenced by the dideoxynucleotide method (18) using a modified T7 DNA polymerase (sequenase; ref. 19 ) supplied in kit form from United States Biochemical Corporation.
RESULTS
The restriction maps of cnjB cDNA (pC2-l) and its corresponding genomic DNA indicated, through restriction fragment size differences, that a minimum of six introns was present within the cnjB gene (10; Fig. 1 ). DNA sequencing of this cDNA and corresponding genomic DNA was undertaken to confirm that these restriction fragment differences were due to the presence of introns within the gene and not an artifact from the construction of the cDNA clone pC2-l. If these differences were due to introns, we could then examine the structure of mRNA introns in T^ thermophila genes.
Subclones containing cnjB sequences were constructed using the vector pIBI31 and appropriate restriction fragments from cnjB cDNA (pFTlOO) or Restriction map of cnjB genomic DNA (A) corresponding to the cDNA (B) from pC2-l. The restriction fragments that were subcloned into pIBI31 for sequencing are indicated along with the names given for the resulting plasmids. The direction that the restriction fragments were inserted relative to the sequencing primer region of PIBI31 is indicated by arrows underneath the plasmid names. The thickest lines in A and B are the sequenced regions of the cDNA and its corresponding genomic DNA (see Fig. 2 ; the filled regions indicate exons while the open regions indicate introns). The Pstl sites (P) on the ends of the cDNA were constructed during cloning (13) . A, AccI; E, EcoRI; H, Hindlll; Hp, Hpal; K, Kpnl; P, Pstl; S, SstI; X, Xhol . genomic DNA (pBSlOO, pFT400 and pFT600) (see Fig. 1 ). Ordered deletions in the plasmids pFTlOO, pFT600 and pBSlOO were constructed (17) and the resulting plasmids were sequenced (18) . The 1.6 kb Xhol-Hindlll region of the cDNA was completely sequenced in one direction, and the 2.9 kb Hindlll-Hindlll region of the genomic DNA was sequenced in both directions. The genomic sequence 5 1 to the insert in pFT600 was obtained by sequencing one end of pET400 (see Figure 3 . The introns were found to be very AT rich. They had a QC content of 16% compared to 30% for the coding region. When the QC content of the introns was plotted against the size of the introns (Fig. 4 ) the introns were found to be increasingly AT rich as their size decreased. As the intron size increased, its GC content approached 25% which is the average for T^ thermophila DNA (20) . Having the sequences of multiple introns allowed us to search for consensus sequences (see discussion; Fig. 5 and 6 ).
There was an open reading frame throughout the cDNA sequenced (1611 bp; of this cDNA and corresponding genomic DNA was undertaken to confirm that these restriction fragment differences were due to the presence of introns within the gene and not an artifact from the construction of the cDNA clone pC2-l. If these differences were due to introns, we could then examine the structure of mRNA introns in T^ thermophila genes.
Subclones containing cnjB sequences were constructed using the vector pIBI31 and appropriate restriction fragments from cnjB cDNA (pFTlOO) or genomic DNA (pBSlOO, pFT400 and pFT600) (see Fig. 1 ). Ordered deletions in the plasmids pFTlOO, pFT600 and pBSlOO were constructed (17) and the resulting plasmids were sequenced (18) . The 1.6 kb Xhol-Hindlll region of the cDNA was completely sequenced in one direction, and the 2.9 kb Hindlll-Hindlll region of the genomic DNA was sequenced in both directions. The genomic sequence 5' to the insert in pFT600 was obtained by sequencing one end of pFT400 (see Figure 3 . The introns were found to be very AT rich. They had a GC content of 16% compared to 30% for the coding region. When the GC content of the introns was plotted against the size of the introns (Fig. 4) , the introns were found to be increasingly AT rich as their size decreased. As the intron size increased, its GC content approached 25% which is the average for T. thermophila DNA (20) . Having the sequences of multiple introns allowed us to search for consensus sequences (see discussion; Fig. 5 and 6 ).
There was an open reading frame throughout the CDMA sequenced (1611 bp; 
DISCUSSION
The evidence presented here clearly demonstrates the presence of multiple introns in a Tetrahymena thermophila gene that is transcribed into mRNA. This is the only case so far reported of multiple introns in a ciliate gene although the sample size of sequenced ciliate genes is small. To our knowledge the sequences or partial sequences of 11 ciliate genes have been reported (4-7, 11, 12, 21-26) . Two have been found to contain single introns, the gene for histone HI (11) and the gene for the ribosomal protein S25 (12) . We have compared the restriction maps of cDNA to genomic DNA for five genes active during conjugation (10, DWM, unpublished data). Only the gene described in this paper has introns. By combining this information with that reported in the literature we find that three out of 16 ciliate genes (19%) or three out of 11 T^ thermophila genes (27%) contain introns. Since the nuclear RNA complexity of T^ thermophila is only about 50% greater than that of the mRNA (27) , the frequency of intron containing genes seen so far may be close to that of ciliate genes as a whole. Introns are clearly less common in the ciliates than in higher eukaryotes, but they may be present in approximately the same frequency as in other lower eukaryotes (28, 29) . It has been argued that the relative lack of introns in unicellular eukaryotes is due to a selection for lower DNA content in organisms that have a rapid cell division and DNA replication cycle (30, 31) .
The T^ thermophila mPNA introns most resemble general nuclear mRNA introns as opposed to class I and class II self-splicing introns ( Table 1 ).
The consensus sequence at the 5' junction (A/T A G : G T A A (A/T) n , where n equals 8 or more. Introns contain sequences that are necessary for that particular intron's splicing to occur. One would predict that the smaller the intron, the greater the proportion of the intron occupied by these essential sequences. Thus, the observation that smaller introns are increasingly more AT rich than larger introns (Fig. 4) would also suggest that AT richness is important for intron processing in Tetrahymena. As the intron's size increased, its GC content also increased, approaching the average GC content (25%) of the Tetrahymena genome (20) as might be expected of non-coding regions of DMA. The two introns reported previously (11, 12) were within conserved genes (histone HI and ribosomal protein S25) with coding regions containing a higher GC content (49.5% GC and 44% GC respectively) than cnjB's coding region (30% GC). The GC 37,38 content of their introns was also somewhat higher than would be expected from the curve drawn using only cnjB intron size and GC content data (Fig. 4 ). This implies a relationship between the GC content of these introns and their surrounding DNA. The introns in Dictyostelium, another lower eukaryote whose genome is AT rich, are also extremely AT rich although the sequences at their intron junctions (28, 39) differ somewhat from Tetrahymena's consensus sequences.
The resemblance between T^_ thermophila's intron junctions and that of nuclear mRNAs from other organisms (GT/AG rule maintained and other sequence similarities) leads us to speculate that the processing of T^ thermophila's introns will be similar to them in many respects. One would expect that small nuclear RNAs will be involved in the splicing events and lariat formation will immediately upstream of the region that we have sequenced corresponds to at least a 2.2 kb Hindlll-Xhol genomic DNA fragment (Fig. 1) . This fragment may be larger if the genomic Hindlll site shown turns out to be within an intron.
Thus, in this region of cnjB, 445 bp of exon corresponds to at least 1755 bp of intron DNA, a ratio of approximately one to four instead of the one to one ratio seen over the sequenced region. We will attempt to synthesize cDNA representing the complete mRNA of cnjB and use it as a probe against genomic DNA so that we may determine the actual size of the cnjB gene and have a better estimate of the number and size of the introns in this gene.
The coding region of cnjB that we examined was found to be unusually AT rich (30% GC). This percent GC has been found over the 2.6 kb of the cnjB cDNA we have so far sequenced ( The cnjB gene, with its multiple introns, should be well suited for further studies on intron processing in T. thermophila. The small size of some of the introns may facilitate mutagenic studies and the identification of the critical sequences for intron splicing. Complete sequencing of the coding region of cnjB and analysis of its protein product will eventually tell us whether introns separate functional or physical domains of this protein. We also hope that further study of this unusually large gene and its presumably conjugation-specific protein product will allow us to determine its function.
It is likely to be involved in meiosis or related events since the cnjB is transcriptionally active only during conjugation and maximally during the meiotic prophase (45) of this process.
